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Department of Materials Science and Engineering, Missouri University of Science and Technology,
1400 N. Bishop Ave, Rolla, MO 65409, USA

Abstract
Melt flow patterns and turbulence inside a slide-gate throttled submerged entry nozzle
(SEN) were studied using Detached-Eddy Simulation (DES) model, which is a combination of
Reynolds-Averaged Navier-Stokes (RANS) and Large-Eddy Simulation (LES) models. The DES
switching criterion between RANS and LES was investigated to closely reproduce the flow
structures of low and high turbulence regions similar to RANS and LES simulations,
respectively. The melt flow patterns inside the nozzle were determined by k-ε (a RANS model),
LES, and DES turbulent models, and convergence studies were performed to ensure reliability of
the results. Results showed that the DES model has significant advantages over the standard k-ε
model in transient simulations and in regions containing flow separation from the nozzle surface.
Moreover, due to applying a hybrid approach, DES uses a RANS model at wall boundaries
which resolves the extremely fine mesh requirement of LES simulations, and therefore it is
computationally more efficient. Investigation of particle distribution inside the nozzle and
particle adhesion to the nozzle wall also reveals that DES model simulations predicts more
particle-wall interactions compared to LES model.

Keywords: Computational Fluid Dynamics, Detached-Eddy Simulation (DES), Large Eddy
Simulations (LES), Submerged Entry Nozzle (SEN).
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1.

Introduction
Currently about 95% of steel products are manufactured through continuous casting

because of its low cost and high efficiency, as well as its capability of manufacturing steel
products with different shapes and sizes [1]. During continuous casting, molten steel is poured
from a ladle into a tundish, and then is directed into a copper mold by a submerged entry nozzle
(SEN) at a desired angle and with various levels of turbulence and swirl [2, 3]. Melt flow
patterns inside the SEN and characteristics of out port jets have significant effects on steel
solidification patterns as well as on the size and shape of inclusions inside the mold, which affect
the quality of steel products [2].
The continuous casting process relies on many physical, mechanical, thermal and
chemical phenomena which are very complex [4]. One of the most frequent undesired
phenomenon affecting the continuous casting is nozzle clogging, which is caused by deposition
and sintering of micro-inclusions onto the SEN walls [5]. There are several undesired
consequences associated with nozzle clogging, such as reduced productivity, increased casting
costs, and degradation of the quality of the steel produced [6]. Computational Fluid Dynamics
(CFD) has been one of the most popular methods for studying melt flow patterns and inclusion
behavior in continuous casting systems [7]. This approach is widely used, because continuous
casting is a very high temperature process, ~1900K (1627oC), so conducting steel-flow
experiments at such temperatures is very difficult. Also, because of the opaque nature of the SEN
material, it is difficult to observe melt flow patterns and particle behavior inside the actual SEN.
This issue can be also resolved by using Plexiglas-water model system, in which it is easy to
observe and measure the desired phenomena and parameters, however, the Reynolds and Froud
numbers of the water model should be similar to those of the actual process [8]. This means that
for different casting processes, different water models need to be constructed which may be
expensive. Hence, CFD is considered a reliable alternative method to study flow patterns and
improve processes efficiency with a lower cost [3, 7-20].
Since continuous casting is a highly turbulent process, applying a suitable turbulent
model is necessary to accurately and efficiently study the melt flow patterns and
inclusion/particle behaviors in the process. Most of the previous work on CFD simulations of
melt flow patterns in the continuous casting process have utilized Reynolds-Averaged NavierStokes (RANS) turbulent models (especially the k-ε model) to simulate flow turbulence [18-23].
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For instance, Thomas et al. [19, 20] studied the effects of nozzle design and process parameters
on the molten steel flow patterns and turbulence inside an SEN using the k-ε model. Bai et al.
[18] and Zhang et al. [23] used the k-ε model to study the effect of nozzle clogging on the flow
patterns by manually adding clogged parts to the geometry of the SEN. Their results indicated
that clogging buildup strongly affects melt flow patterns in the nozzle as well as the mold. Pfeiler
et al. [21] investigated the effects of argon gas bubbles and inclusions on the molten steel flow
behavior. They compared one-way (flow affects particle movement, not vice versa) and two-way
coupling of inclusions/bubbles with molten steel. Their results showed that inclusions and
bubbles, whose transport highly depends on their size and density, were dispersed more with
two-way coupling. Therefore, they concluded that considering two-way coupling is essential for
proper prediction of inclusion/bubble behavior in CFD simulations. In 2001, Thomas et al. [24]
compared the k-ε and large eddy simulation (LES) models to show flow turbulence inside the
mold in transient and steady state conditions. They realized that the k-ε model is capable of
predicting the melt flow in steady state conditions reasonably well, yet it has difficulties in
handling flow turbulence in transient simulations. LES model simulations predicted the melt
flow patterns and turbulent areas very well in transient conditions.
Recently LES model has become very popular among CFD researchers to simulate flow
patterns in the continuous casting process [3, 10, 15, 24-29], because of its accuracy in transient
simulations compared with RANS models. For instance, Yuan et al. [3, 15] applied LES
approach to study melt flow and particle distribution inside a continuous caster mold. They
presented three simulation results to identify the difference between full-pool and symmetric
half-pool, also between a full-scale water mold and real steel-caster behavior. Particle motion
and distribution inside the mold along with particles captured by the mold solidification front
also were studied. Chaudhary et al. [25] compared the results of transient turbulent flow in a
continuous caster using LES and k-ε turbulent models with experimental measurements. Their
results indicated that, compared to k-ε model simulations, simulation of turbulence using LES
model was better matched to the experimental measurements.
Although LES models have shown accuracy in simulating turbulent flow structures at
transient conditions, they do have some limitations in simulating wall bounded flows [14]. LES
adjusts the length of the turbulence by fluid friction velocity and viscosity within the viscous
sublayers on the wall. Hence, it requires a high number of grid points to resolve the near-wall
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flow structures accurately

[16, 30]. In the case of having a highly turbulent process, the

thickness of viscous sub-layer decreases, and so the model demands extremely fine mesh within
the viscous sub-layers. It has been shown that the number of grid points required for LES model





to resolve wall-flow interactions scales as O Re2 , where Re2 is the friction velocity-based
Reynolds number [16]. As a result, LES is only recommended for simulation of fluid flows
where either the effect of wall boundary layers are not important or the boundary layers are
laminar due to the low Reynolds number [12-14].
The objective of this paper is to simulate melt flow patterns and particle distribution
inside a slide-gate nozzle using a hybrid turbulent model, DES, and then compare the results
with k-ε and LES simulations results. DES approach comprises both advantages of LES and
RANS models. The main idea is to apply a RANS model for near-wall layers, and LES model
for the detached zones and regions far away from the wall [31]. This approach resolves the issues
associated with LES model in simulating internal flows, and therefore decreases the LES demand
of extremely fine mesh elements at wall boundary layers. In this study, the results of DES model
have been compared with standard k-ε and LES-WALE simulation results.
This paper contains four sections; Section 2 presents the mathematical equations for the
melt flow patterns, inclusions/particles movement, and turbulence inside the nozzle. Section 3
and Section 4 illustrate the simulation procedure and results, respectively. Finally, Section 5
presents a brief conclusion about the simulation results.

2.

Governing Equations
The Eulerian-Lagrangian approach was applied for a mixture of molten steel and

inclusions/particles inside the system. This method uses Eulerian approach to simulate melt flow
patterns, and Lagrangian technique to track particles inside the nozzle. This section presents the
mathematical modeling of the process based on following assumptions:
 Every particle which touches the wall will be attached to it.
 Steel behaves as an incompressible Newtonian fluid.
 The temperature of the system is isothermal.
 Solidification of steel does not occur.
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 The roughness of nozzle wall is zero.
2.1. Transport equations
The 3D continuity Navier-Stokes (NS) equations for an incompressible Newtonian fluid
were solved to model the melt flow patterns inside the nozzle. These equations are based on the
mass conservation and momentum equations at every point in the computational domain [32].
The general conservation equation contains a general variable,  , by which a balance between
various processes within a finite control volume is made. The momentum, continuity, and
turbulence equations can be derived from the following general equation [11, 33]:


 
 
     U i       S ,
t
xi
xi  xi 

(1)

where the first and second terms on the left side are changes of  with time and transport due to
convection, respectively; ρ is density of molten steel, t is the time, xi represents coordinate
directions (x, y or z), and Ui is velocity of molten steel at i direction. The first term on the right
side states the transport due to diffusion, where  is the diffusion coefficient. The second term
on the right side of equation (1) presents the source term which can be added based on a specific
process condition.

2.2. Turbulent models
Turbulence is one of the most important factors that has significant effects on melt flow
patterns and particle behavior in the system. The equations of three turbulent models, standard kε, Shear Stress Transport (SST), LES and DES, are presented in this section.

2.2.1. Standard k-ε model
The standard k-ε model consists of two equations following the same format as equation
(1) [20]. Kinetic energy equation (k) is:
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  k  
t  k 
 
  Ui k  
      Pk  Pkb    Sk ,
 k  xi 
t
xi
xi 
(2)
and dissipation rate equation (ε) is:

    
t    
 
  Ui  
       C 1Pk  C 2   C 1P b   S ,
   xi  k
t
xi
xi 

(3)

where Cε1, Cε2, σk, σε are constants equal to 1.44, 1.92, 1 and 1.3, respectively [34, 35]. Sk and Sε
are the source terms for turbulent kinetic energy and dissipation rate, respectively. µ and µt are
molten steel and turbulence viscosity, respectively. Turbulence viscosity is linked to the
turbulent kinetic energy and dissipation rate by following relation:

t  C

k2



,

(4)

where Cμ is a constant equal to 0.09 [34, 35].
Pkb and Pεb in equations (2) and (3) take into account the influence of buoyancy forces for
turbulent kinetic energy and dissipation rate, respectively. Pk is the turbulence production due to
viscous forces. For incompressible flows, it can be defined as:

 U U j  Ui
Pk  t  i 

.
 x
x
x


i 
j
 j

(5)

2.2.2. LES model
The logic behind the LES model is to separate the large and small eddies in the
computational domain. The equations for LES model are governed by filtering time-dependent
NS equations. LES filters eddies whose scale are smaller than the filter width and grid spacing
used in the domain. For instance, the filtered momentum equation for an incompressible flow can
be derived from equation (1) as follows [29, 36]:
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U i
1 p




U iU j   

 x j x j
t x j

  U U j
  i 
  x j xi

where Ui and U j are the velocity components at

   ij
,
  
  x j

(6)

xi and x j directions, respectively. The over-

bar indicates an averaged quantity. ν represents the kinematic viscosity, and

 ij also is the

subgrid-scale stress, defined by:

 ij  U iU j  U iU j .

(7)

LES model solves large scale turbulent structures directly, however the effect of the small
scales is taken into account by appropriate subgrid-scale (SGS) models. An eddy viscosity
methodology also relates the subgrid-scale stresses,  ij , to the large scale strain tensor, Sij ,
according to these equations:




   ij  ij  kk   2 SGS S ij ,
3



(8)

1  U U j 
Sij   i 
,
2  x j xi 

(9)

where  kk is the isotropic part of the subgrid-scale stresses, and  SGS represents small scale of
subgrid-scale viscosity. Three models, WALE, Smagorinsky, and Dynamic Smagorinsky-Lilly,
have been introduced to define  SGS for the LES approach. The equations for these models can
be found elsewhere [37-40]. The WALE model has been applied in this work to define  SGS in
LES simulations [27].

2.2.3. DES model
DES is a hybrid turbulent model switching between RANS and LES models in the
computational domain. DES is a combination of transformed forms of k-ε, k-ω and LES models
in which the combination of k-ω and k-ε models is called the SST model [27, 35]. For this reason
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DES is known to switch between SST and LES models. In the following section, the SST
methodology is described, and then the DES approach (based on SST and LES models) is
explained.
SST part of DES model
In addition to a transformed form of k-ε model (Section 2.2.1), SST uses k-ω model to
predict flow turbulence in the computational domain. The two governing equations for k-ω [30,
35] are the kinetic energy equation ( k ):
 k  
 
k 

 U i k       k  t     ij Sij   '  k ,
t
xi
xi 
xi 

(10)

and the turbulent frequency equation (  ):
    

 U i  
t
xi
1 k 
 
 
2
2
,
     t 
   S ij    2 1  F1    2
 xi xi
xi 
xi 

(11)

where Sij is the strain rate, and  , and  ' are constants equal to 0.55 , and 0.09, respectively.
The turbulent model closures are  k and   , which change when the SST model switches
between k-ε and k-ω. This means, if the SST model is operating in k-ε mode,  k   k 1  0.85 ,

    1  0.65 , and   1  0.075 . However, if the SST model is working in k-ω mode,
 k   k 2  1 ,      2  0.856 , and    2  0.0828 [34, 35, 41].
SST uses two blending functions to incorporate the switching between the two models
based on the distance from the wall (y). The first blending function is:



 k 500

F1  tanh min  max  '
, 2


y
y





 4   2 k  
 ,
2 
CD
y
 

k


4



,


(12)
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where CDk is defined as:



1 k
CDk  max  2   2
,10 10  .
 xi



(13)

F1 is equal to 1 inside the wall boundary layers, where the last term in equation (11) becomes
zero. In this condition, the SST uses k-ω model because of its accuracy in handling wall-flow
interactions. Away from the surfaces, F1 decreases from 1 to 0 where k-ε is used.
A limiter is applied to control the over prediction of the eddy-viscosity at boundary
layers. Accordingly, the eddy-viscosity,  t , is defined by:

t 

t
1k

,
 max , Sij F2 

(14)

where 1 is a constant equal to 0.31 [41], and F2 is the second blending function of the DES
model. F2 is similar to F1 , and it restricts the limiter to the wall boundary layers:


 2 k 500
F2  tanh  max  ' , 2
 
y y 






2


.



(15)

A turbulence production limiter is also applied by the SST model to prevent the build-up
of turbulence in stagnant regions:
Pk  min  Pk ,10. ' k  ,

where Pk is calculated from equation (5).
DES hybrid approach

(16)
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To construct a DES-type hybrid approach, a transformation should be adopted for the
dissipation term existing in the turbulent kinetic energy equation (equation 10). Thus, after
presenting a length scale ( Lt ), equation 10 can be rewritten as [30]:

  k  
 
k 

 U i k       k1t     ij Sij   '  k FDES
t
xi
xi 
xi 

(17)

where FDES is the blending function of DES model, defined as:

 Lt

FDES  max 
1  FSST  ,1  ,
 C DES 


(18)

In DES simulations, the stress tensor (  ij ) is calculated by the LES-type Smagorinsky
model [40].
While the DES model is applied, the SST part uses k-ω in the wall boundaries, and in the
regions far away from the wall boundaries DES criterion selects between k-ε and LES [35]. The
selection will be done by comparing the turbulent length scale, Lt, and  which is the maximum
of element edge: in the zones where Lt is larger than multiplication of DES constant ( CDES ) and

 (such that CDES   Lt ), the DES is operating in LES mode. But, when CDES   Lt , then FDES
=1, the DES model is acting in k-ε mode [30].
From the view point of numerical treatment of the equations, DES model switches
between RANS (k-ε or k-ω) and LES models to solve the equations, such that it uses second
order upwind-biased scheme for RANS regions, and central difference scheme for LES regions
[16, 35].

2.3. Particle trajectory model
Lagrangian approach was used to compute velocity equation for particles inside the
nozzle. This approach considers a balance between drag, buoyancy, and other interfacial forces
at every point. The balance equation is coupled with momentum and continuity equations using
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empirical interphase drag between molten steel and particles. The particle trajectory equation is
defined as [42, 43]:

dupi
dt

 FD  FG  FVM  FP  FB .

(19)

The first term, FD , is the drag force per unit particle mass caused by the difference between the
particle and fluid velocities:
FD 

18 C D Re p
U i  U pi  ,
 p d p 2 24

(20)

where  p is particle density, and U pi is particle velocity in i direction. CD and Re p are drag
coefficient and particle Reynolds number, respectively [44]:
24

CD =

Re

1

2

1+ Rep 3
6

0.44

ReP 

d p u p  u
f

if Rep <1000

,
if Rep ≥1000

,

(21)

(22)

where Re is the melt Reynolds number.
The second term in equation (19), FG, is the gravitational force:

FG 

p  
g ,


(23)

where g is the gravitational force. FVM is the virtual mass force due to the relative acceleration
between the particle and the fluid [45]:

FVM 

1  d
Ui U pi  .
2  p dt

Fp is the force imposed on the particles by pressure gradient existing in the system:

(24)

Metallurgical and Materials Transactions B (2016). doi:10.1007/s11663-016-0729-3

Fp 

 Ui
U
.
 p i xi

(25)

FB is the buoyancy force which is caused by the difference between the fluid and particle
densities:

FB 

 d 3p
6



p

  g .

(26)

The dispersion of particles due to turbulence inside the nozzle is considered using a
stochastic tracking model, which considers the effect of instantaneous turbulent velocity
fluctuations on tracking of particles [21]. The other forces on solid particles are negligible for
particles with the average diameter assumed in this research ( d p  50 µm). For example, the lift
force is not considered, because it is negligible for solid particles with the diameter less than 300
µm [43].

3.

Simulation Procedure

3.1. Domain geometry and mesh
CFD analyses were performed using ANSYS CFX 14.0. The geometry of the nozzle and
finite volume mesh were built using design modeler and meshing of ANSYS, respectively. The
computational domain contains the nozzle with actual dimensions conveying molten steel from
tundish to mold. The nozzle consists of two parts, upper well nozzle and lower nozzle. Upper
and lower nozzles are connected by a slide-gate which moves in 90º orientation compared to the
direction of the SEN ports. Figure 1 shows the nozzle geometry and an example of mesh grids
used for the simulations. Table 1 also specifies the nozzle dimensions and casting operating
conditions used to perform the simulations [23].

3.2. Initial and boundary conditions
Appropriate initial and boundary conditions are required in CFD simulations to have
accurate solutions of continuity and momentum equations. A uniform normal velocity was
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assumed at the inlet, which is a reasonable assumption when a tundish is not included in the
simulations and a fixed slide-gate position is considered. Moreover, turbulent dissipation rate and
turbulent kinetic energy were defined at the inlet based on semi-empirical relations for pipe
flows [25]. These relations are defined as:

  k 1.5 / 0.05 D ,

(27)

k  0.01Uin2 ,

(28)

where D and Uin are hydraulic diameter of the inlet plane and melt inlet velocity, respectively.
Particles (Al2O3) were added into the nozzle from the inlet plane, where 30,000 spherical
particles were injected from random positions. The mean size of particles injected into the nozzle
was 50 µm. In reality the size of particles (inclusions) may vary from a few microns to hundreds
of microns.
The nozzle walls were considered to be non-slip walls during the simulations, and the
roughness of the walls was assumed to be zero.
An averaged static pressure was assumed over the nozzle out ports, because the nozzle is
submerged into the mold. This boundary condition allows the simulation to predict molten steel
velocity in the nozzle out ports. Hence, the relative pressure at the nozzle out port was set using
the static pressure relation:

P   ghs ,

(29)

where hs is submerged depth of the nozzle in the mold.
As initial conditions, the steady state simulation results were applied to LES and DES
transient simulations.
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4.

Simulation Results

4.1. Convergence study
Convergence study is required to ensure that the simulation results are independent of
mesh size. For this reason, different numbers of elements were used to check the convergence of
simulation results. The time-averaged velocity of melt flow on a line located at the center of the
nozzle (centerline) was used as a parameter for determining the optimum number of elements.
Figure 2 shows the time-averaged velocity of melt flow at the nozzle centerline predicted
by LES model (geometry of the nozzle is included at the right side of the figure). According to
the graph, average velocity at the nozzle centerline follows similar trends for cases with 1.8
million (M), 2.5 M and 3 M elements. However, once the number of elements decreases from 1.8
M to 1.6 M elements, some deviations of the velocity profile can be seen at the nozzle out ports
and after the slide-gate. Therefore, 1.8 M elements were selected for LES simulations.
Figure 3 displays the time-averaged velocity at the nozzle centerline calculated by DES
simulations in the case FSST  F1 . It is clear that the trend of averaged velocity at the centerline
does not change significantly once the number of elements increases from 1.6 M to 1.8 M
elements. Therefore, 1.6 M elements were used to perform DES simulations in this case, which
is only 12% less than that of the LES simulations to produce similar results. For the case

FSST  F2 , when a regional mesh refinement is used for flow separation regions (termed zonalDES), a fine mesh is applied only after the slide-gate, and larger mesh is used for other regions
decreasing the number of elements to about 1 M.
Time step plays a significant role in every LES and DES simulation, because it
determines the quality of the turbulent structures resolution in the simulations [27]. The time step
for the transient simulations was selected to be 0.0001. It was observed that the simulations reach
a quasi-steady state condition after 2 seconds. Hence, the simulations were performed for 20,000
time steps (2 seconds). The run time for the LES model was about 10 days using one computing
node including 16 CPU cores (3.4 GHz) and 64 GB RAM. The same node needed 6 days to
complete 2 seconds of zonal-DES simulations. Hence, for our case, zonal-DES was about 40%
more efficient than LES in term of computational cost.
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4.2. DES model calibration
DES approach as mentioned earlier, switches between RANS and LES models to predict
accurately the turbulent structures in the system. To ensure that a DES model is working
properly, two factors should be monitored [17, 35]. First, it is important to ensure that DES
blending function (FDES) uses the LES model for detached and highly turbulent regions, and a
RANS model for the other regions. Second, it is important to determine if the turbulent structures
at flow separation regions (e.g. slide-gate) are similar to LES predictions [17].
Considering equation (18), FSST can be set as F1, F2 or zero. At first, the simulations were
completed using FSST  F2 . In this case, DES applies the k-ω model to the wall regions, and
either the LES or k- model to the other regions. For instance, if any flow separation occurs
inside the system, DES should apply LES model in that region. Figure 4 shows the evolution of
DES blending function at the center plane of the nozzle. This plot indicates that the DES model
applies k- model at most regions inside the nozzle (red regions). This is not appropriate,
because the k- model is not able to simulate accurately flow separation regions, turbulent
structures, and fluctuations at transient condition. For the slide-gate 50% open, the gate acts
similar to an obstacle inside the melt flow stream, causing flow separation. Therefore, it is
required to calibrate the DES model such that the turbulent structures can be simulated
accurately in flow separation regions. This can be achieved by applying the LES model in those
regions. To resolve the switching issue, several tests such as reducing time steps, applying finer
mesh grids, and changing the blending function of the SST model were considered. The use of
smaller time steps for the simulations (less than 0.0001s) did not resolve the issue.
Another way to resolve the switching issue is to change the blending function of RANS
model from F2 to F1 ( FSST  F1 ). This solution method deactivates the k- in the DES model,
which means that the DES model is forced to use k-ω in the wall boundary layers and LES in the
other regions [35]. Figure 5 displays the evolution of DES blending function for this case. It can
be seen that after 0.8 seconds of simulation, almost the entire domain is covered by the LES
model (blue regions), except the wall boundaries which are covered by the k-ω model. This case
shows similar results to the LES simulations; however, it is not an efficient way to use the hybrid
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DES model as it should be configured appropriately to apply the LES model in flow separation
and highly turbulent regions, only.
Another way to resolve the switching issue of the DES model is to refine the mesh in
regions with expected flow separation (e.g., after the slide-gate). According to Section 2.2.3,
when CDES   Lt , the LES model should be activated. Hence, a mesh refinement in that
particular region makes the DES model to switch to LES (zonal-DES [35]). Subsequently, the
mesh refinement was done for the region after the slide-gate based on the flow turbulence
structures observed in LES simulations (~25 cm after slide-gate). Subsequently, the DES
blending function was changed to FSST  F2 , and then several simulations using different mesh
size for separation regions were completed to observe a reasonable switching for the DES model.
The element sizes for other regions were kept the same size as RANS models (larger that the
mesh size in LES model), because the DES model will apply a RANS model (k- in those
regions. Figure 6 shows the evolution of the DES blending function for zonal-DES model (

FSST  F2 ). It can be seen that after 0.8 seconds the model applies the LES model to the turbulent
regions created by the slide-gate.
Quality of turbulent structures is the next important feature that should be considered. An
additional variable (Invariant, I) was defined to check this characteristic [27]:

I  Q2  S2 ,

(30)

where Q and S are the absolute values of the vorticity and strain rate at any spatial point,
respectively. Figure 7 presents iso-surfaces of turbulent structures inside the nozzle, where the
colorbar is the viscosity ratio, the ratio of the eddy viscosity to molecular viscosity of molten
steel. When the DES model does not use LES after the slide-gate, Figure 7(a), the model fails to
predict properly the turbulent structures in that region. However, once a mesh refinement is
applied after the slide-gate, Figure 7(b), DES is able to predict the turbulent structures, because
LES is being applied in that region. Thus, the DES model can predict turbulent structures after
the slide-gate if it is calibrated appropriately.
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4.3. Comparison of three turbulent models (k-ε, LES, and DES)
4.3.1. Velocity profile inside the nozzle
Several simulations were performed using k-ε, LES, and DES models to compare the
accuracy of the results in different regions of the nozzle. Figure 8 shows the time-averaged
velocity streamlines predicted by zonal-DES and LES models, and the velocity streamlines
simulated by the standard k-ε model. It can be seen that the LES and DES models are able to
predict flow patterns and eddies behind the slide-gate, where the flow is separated from the
surface. However, the standard k-ε model fails to simulate the flow streamlines and eddies
behind the slide-gate, because it is a RANS model which cannot simulate transient turbulent
structures and flow separation regions. In the nozzle out ports, since no flow separation from the
surface occurs, all three models show a similar flow streamline (a flow vortex). Flow vortexes
increase the particle travelling time at the nozzle out port, which can intensify particle adhesion
to the walls.
The velocity profile at the nozzle centerline is also compared for k-ε, LES, and DES
simulations. Figure 9 displays the time-averaged velocity at the centerline of the nozzle. It
indicates that zonal-DES and LES models predict velocity in the entire centerline of the nozzle
similarly. However, the standard k-ε model provided very different results after the slide-gate
(0.26<Z<0.6), where a flow separation region occurs. The k-ε model predicts the velocity in
some regions behind the slide-gate (0.3<Z<0.45) to be about 4 times higher than the velocity
predicted by LES and DES models. The zonal-DES shows similar results to k-ε model at other
regions where no separation is occurred. For example, at the regions where Z<0.26 and Z>0.6,
zonal-DES shows similar results to k-ε model, because it switched to k-ε model in those regions.

4.3.2. Particle distribution and entrapment inside the nozzle
Particle distribution in the nozzle has been investigated using the LES and DES turbulent
models. Figure 10 shows distribution of particles inside the nozzle, where the color bar shows
particle velocity. The figure shows that there are regions around the slide-gate, and also at the
end of the nozzle (nozzle out ports) in which particles velocity is nearly zero. In these regions,
particle travelling time is higher than other regions. This phenomenon can intensify particle
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adhesion to the wall, because particles have more time to contact and then attach to the nozzle
walls.
In addition to stagnant regions, high velocity and turbulent regions also can increase
particle adhesion to the wall because of turbophoresis [11], a phenomenon which takes place in
highly turbulent regions and drives particles in radial direction towards the nozzle walls.
Applying the k-model to the wall boundaries is one advantage of using the DES model,
because k-is a very reliable model in simulating wall-flow interactions. Wall-particle
interactions can be highlighted by assuming that every particle touching the wall will be attached
to it. This assumption is helpful to determine where particles have more interaction with the
nozzle walls. Figure 11 shows the averaged-volume fraction of attached particles on the nozzle
walls after 2 seconds of simulation, predicted by LES and zonal-DES models. It is clear that a
zonal-DES shows more particle-wall interactions than LES model. In high velocity regions, the
thickness of viscous sub-layers decrease and the LES model has problems in simulating wallflow interactions unless an extremely fine mesh is applied to the flow sub-layers near the nozzle
walls. On the other hand, DES simulations can handle particle-wall interactions by applying a
RANS model (k-) in regions close to the nozzle walls. That is why the volume fraction of
particles attached to the wall is higher in zonal-DES.

5.

Conclusions
The transient simulations of molten steel flow inside a slide-gate nozzle were performed

using three different turbulent models (standard k-ε, LES, and DES). The mesh convergence
studies were performed to make sure the computational results were independent of the mesh
size. The results indicated that zonal-DES model demands a similar number of elements and less
computational time compared to the LES model, because it only applies the LES model to the
flow separation regions. The calibration procedure for the DES blending function was explained
in detail for the case of a slide-gate nozzle. Although the calibration procedure is complex, a
calibrated DES model is able to simulate turbulent structures inside the system similar to LES
model with less computational cost.
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The results indicated that standard k-ε model fails to accurately simulate flow patterns
after the slide-gate, where the flow is separated from the nozzle surface. DES and LES models
simulate flow patterns and eddies behind the slide-gate similarly. Furthermore, the velocity
profile at the centerline of the nozzle showed that zonal-DES and LES models predict similarly
the velocity magnitude at the nozzle centerline. But, the k-ε model predicts a much different
velocity profile through the centerline of the nozzle. In some regions after the slide-gate, k-ε
predicts velocity magnitudes 4 times higher than DES and LES predictions.
Particle distribution inside the nozzle was investigated using both zonal-DES and LES
models, where stagnant regions were observed around the slide-gate by both models. Stagnant
regions can increase particles contact time with the nozzle surface which may intensify particle
attachment onto the nozzle walls. Additionally, particle-wall interaction was studied using the
assumption that every particle touching the wall will attach. It was shown that zonal-DES model
predicts more particle-wall interactions compared with the LES model, because it handles the
particle-wall interactions properly using a RANS model (k-).
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Table 1. Operating conditions used for simulations [23]
Parameter

Value

Nozzle bore diameter [mm]

70

Out ports(width × height)[mm]

65 × 80

Port angle [Degree Down]
Up nozzle length [mm]

15
323

Total nozzle length [mm]

1,229

Slide-gate orientation [degree]

90

Nozzle submerged depth [mm]
Viscosity of liquid steel
[kg/m.sec]
Density of liquid steel [kg/m3]

150

Molten steel thermal conductivity
[W/m k]
Density of Alumina particles
[kg/m3]
Number of particles
Casting temperature [K (C)]
Steel thermal expansion coefficient
[1/K]
Diameter of tundish bottom well
[mm]
Inlet velocity [m/sec]

0.0056

Inlet kinetic energy [m2/sec2]

7,021

Parameter

Value

2

3

Inlet dissipation rate [m /sec ]

41
4,000
30,000
1,818 (1545)
0.0001
200
0.15
0.000225
0.000338
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Figurs:

Figure 1. Nozzle geometry and dimensions (a), an example of mesh (b)
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Figure 2. Time-averaged velocity of melt flow at centerline of the nozzle for LES model;
simulation time: 2 seconds.
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Figure 3. Time-averaged velocity of melt flow at centerline of the nozzle for DES model;
simulation time: 2 seconds.
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Figure 4. Contours of DES blending function at center-plane of the nozzle; FSST  F2 . A
uniform mesh was used for the entire nozzle. Red and blue colors show areas where k-
and LES models are activated, respectively.
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Figure 5. Contours of DES blending function at the center-plane of nozzle; FSST  F1 . A
uniform mesh was used for the entire nozzle (same as in Figure 2). Red and blue colors
show areas where k- and LES models are activated, respectively.
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Figure 6. Contours of blending function at the center-plane of the nozzle; FSST  F2 .
Mesh refinement is done after the slide-gate (zonal-DES). Blue color shows areas that
LES model is activated. Red and blue colors show areas where k- and LES models are
activated, respectively.
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Figure 7. Iso-surfaces of turbulent structures after slide-gate, predicted by DES model when
FSST  F2 : (a) a uniform mesh for the entire nozzle, and (b) refined mesh after slide gate (zonalDES, Figure 6). Simulation time: 2 seconds.
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Figure 8. Time-averaged velocity streamlines of molten steel at the center plane of the
nozzle; simulation time: 2 seconds.
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Figure 9. Time-averaged velocity at nozzle centerline predicted by LES, k-ε, and zonalDES models; simulation time: 2 seconds.
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Figure 10. Particle distribution inside the nozzle predicted by zonal-DES and LES models;
simulation time: 2 seconds. 30,000 particles per second are injected at the inlet of the nozzle.
Each particle has a diameter of 50 µm. In this plot the particles are magnified for visibility.
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Figure 11. Particles averaged-volume fraction on the nozzle walls predicted by zonal-DES and
LES models; simulation time: 2 seconds.

